Experimental And Numerical Investigation Of The Flow Structures Behind A Car by Zeren, Zafer
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
İSTANBUL TECHNICAL UNIVERSITY  INSTITUTE OF SCIENCE AND TECHNOLOGY 
EXPERIMENTAL AND NUMERICAL 
INVESTIGATION OF THE FLOW STRUCTURES 
BEHIND A CAR 
M.Sc. Thesis  by 
Zafer ZEREN, B.Sc. 
 
Department : Aeronautical and 
Astronautical Engineering 
Programme: Aeronautical and 
Astronautical Engineering 
JANUARY 2007 
 20
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
İSTANBUL TECHNICAL UNIVERSITY  INSTITUTE OF SCIENCE AND TECHNOLOGY 
 
M.Sc. Thesis  by 
Zafer ZEREN, B.Sc. 
511041030 
Date of submission : 22 December 2006 
Date of defence examination: 26 January 2007 
Supervisor (Chairman): Prof. Dr. M. Fevzi ÜNAL 
Prof. Dr. İ. Bedii ÖZDEMİR 
Members of the Examining Committee : Prof. Dr. Seyhan U. ONBAŞIOĞLU 
Assoc. Prof. Dr. Doğan GÜNEŞ 
Assoc. Prof. Dr. Hayri ACAR 
 
JANUARY 2007 
 
 EXPERIMENTAL AND NUMERICAL 
INVESTIGATION OF THE FLOW STRUCTURES 
BEHIND A CAR 
 i
 
 
 
 
 
 
ACKNOWLEDGEMENT 
 
I am very indebted to my father, İhsan ZEREN, my mother, Sacide ZEREN, and my 
brothers, Gürer and Bahadır ZEREN who gave me the inspiration that took me 
throughout the hard times I came up with to complete this thesis. It was always lucky of 
me to know that they’re always on my side.  
 
I am also very grateful to my office-mates, Dinçer, Korcan, Özer, Cengizhan and 
Ceren. It has always been a pleasure to be with them through my last term in the school.  
 
I am also very pleased to my friends for long years Ebru, Önder, Elif, Neyran, Demet, 
Erhan and the others that I cannot remember now. And deep thanks go to Nurhan who 
cared what I am doing and how I am doing.  
 
My deepest gratitude goes to my supervisors M. Fevzi ÜNAL and İ. Bedii ÖZDEMİR 
who gave me the strength and the ethical example by their life styles, by their wisdom. 
I am much appreciated that I learned in my master years how to research, how to be 
patient and more important how to be an engineer from them.  
 
 
December 2006                                                                             Zafer ZEREN 
    Astronautical Engineer 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 ii
 
 
 
CONTENTS 
 
LIST of TABLES ........................................................................................................... iii 
LIST of FIGURES ......................................................................................................... iv 
LIST of SYMBOLS..........................................................................................................v 
ÖZET .............................................................................................................................. vi 
SUMMARY ................................................................................................................... vii 
 
CHAPTER I .....................................................................................................................1 
INTRODUCTION............................................................................................................1 
CHAPTER II ....................................................................................................................4 
CAD OBJECT AND GRID GENERATION ....................................................................4 
2.1 CAD Object ........................................................................................................4 
2.2 Configuration and Mesh Generation with ICEM................................................9 
2.2.1 Tetra Mesher: .................................................................................................11 
2.2.2 Prism Mesher: ................................................................................................12 
2.2.3 Hexa Mesher: .................................................................................................13 
CHAPTER III ................................................................................................................14 
LES THEORY and APPLICATION in FLUENT...........................................................14 
3.1 Theory of Large Eddy Simulation ....................................................................14 
3.2 Filtering.............................................................................................................14 
3.3 Equations of Motion .........................................................................................16 
3.4 Subgrid Scale Models .......................................................................................17 
3.4.1 Dynamic Modeling ........................................................................................18 
3.5 Boundary Conditions ........................................................................................19 
3.6 Numerical Schemes ..........................................................................................21 
3.7 Turbulent Parameters ........................................................................................21 
CHAPTER IV.................................................................................................................23 
RESULTS & DISCUSSION ...........................................................................................23 
4.1 Introduction.......................................................................................................23 
4.2 Time-Averaged Mean Flow Field.....................................................................23 
4.3 Turbulent Stresses.............................................................................................30 
4.4 Spectrum ...........................................................................................................35 
4.5 Conclusions.......................................................................................................37 
REFERENCES...............................................................................................................39 
BIOGRAPHY .................................................................................................................42 
 
 
 
 
 
 iii
 
 
 
 
LIST of TABLES 
 
Table 2.1 : Dimensions of the fullscale car and replicated model ...................................4 
Table 2.2 : Dimensions of the CAD model (cm) .............................................................9 
Table 2.3 : Dimensions of the tunnel (cm).....................................................................10 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 iv
 
 
 
 
LIST of FIGURES 
 
Figure 2.1 : 1:8 replicated model .....................................................................................4 
Figure 2.2 : Imported point cloud ....................................................................................5 
Figure 2.3 : Cleaning the noises.......................................................................................5 
Figure 2.4 : Initial import of the geometry (called polygon) ...........................................6 
Figure 2.5 : Slicing the car with 3D curves......................................................................6 
Figure 2.6 : Image after globally trimming the curves ....................................................7 
Figure 2.7 : Final surface .................................................................................................7 
Figure 2.8 : Initial rendered surfaces ...............................................................................8 
Figure 2.9 : Final triangulation ........................................................................................8 
Figure 2.10 : Final surfaces..............................................................................................9 
Figure 2.11 : Computational Domain ............................................................................10 
Figure 2.12 : Distance between the surfaces (Redlines below 0.01) .............................11 
Figure 2.13 : Options for Prism Mesher ........................................................................12 
Figure 2.14 : Options for Prism Mesher ........................................................................12 
Figure 2.15 : Final Mesh ................................................................................................13 
Figure 3.1 : Filtering domain in LES .............................................................................16 
Figure 4.1 : Dataplanes ..................................................................................................23 
Figure 4.2 : Mean Velocity Magnitude (x direction), U∞= 38 m/s ................................24 
Figure 4.5 : Mean Velocity Magnitude..........................................................................26 
Figure 4.6 : Mean Velocity Magnitude..........................................................................26 
Figure 4.7 : Mean Lateral Velocity................................................................................27 
Figure 4.8 : Pathlines (undercar)....................................................................................27 
Figure 4.9 : Pathlines (up car)........................................................................................28 
Figure 4.10 : Pathlines (sides)........................................................................................28 
Figure 4.11 : 3D Pathlines (CFD) and Velocity Vectors (Experiment).........................29 
Figure 4.12 : Pressure coefficient ..................................................................................29 
Figure 4.13 : Mean Velocity Contours, U
U∞
 (around sidemirror) and ............................30 
Figure 4.14 : RMS Velocity Magnitude.........................................................................30 
Figure 4.15 : RMS Transversal Velocity .......................................................................31 
Figure 4.16 : RMS Lateral Velocity...............................................................................32 
Figure 4.17 : uv correlations ..........................................................................................33 
Figure 4.18 : uw correlations..........................................................................................34 
Figure 4.19 : vw correlations..........................................................................................35 
Figure 4.20 : Spectra for Moving Ground Case.............................................................36 
Figure 4.21 : Spectra for Stationary Ground Case .........................................................36 
Figure 4.22 : Spectra around Sidemirror........................................................................37 
 
 
 v
 
 
 
LIST of SYMBOLS 
 
 
ijC   : Cross stress tensor 
sC   : Smagorinsky constant 
G   : Filtering kernel function 
ijL   : Leonard stress tensor 
sL   : Mixing length 
ijR   : Reynolds stress tensor 
r
G
  : Direction vector 
tµ   : Eddy viscosity 
ρ   : Density 
ijS   : Strain rate 
ijT   : Resolved turbulent stress tensor 
u    : Velocity component in x direction 
u   : Filtered velocity component in x direction 
U   : Mean Velocity Magnitude 
U∞   : Freestream velocity 
2u   : RMS of velocity magnitude 
V   : Mean transversal velocity 
V   : Volume of a computational cell 
2v   : RMS of transversal velocity 
W   : Mean lateral velocity 
2w   : RMS of lateral velocity 
ijτ   : Subgrid scale stress tensor 
φ   : Scalar variable 
κ   : von Karman constant 
 
 
 
 
 
 vi
 
 
 
 
 
 
BİR OTOMOBİL ARKASINDAKİ AKIŞ YAPILARININ SAYISAL VE 
DENEYSEL ARAŞTIRILMASI 
 
 
ÖZET 
 
 
Bir otomobil modeli arkasındaki türbülanslı ardiz yapısı sayısal olarak araştırılmış ve 
deney verileri ile karşılaştırılmıştır. Bu nedenle, otomobilin geometrisi bilgisayar 
ortamında oluşturulmuş ve gövde etrafına hesaplama alanı örülmüştür. Akış alanı, sabit 
ve hareketli yer olmak üzere, iki farklı sınır şartı için incelenmiştir. Serbest akım hızı 
deneydeki gibi 38 m/s olarak alınmıştır.  
 
Sayısal benzetim birbirilerine ters yönde dönen ardiz bölgesindeki iki vortisi yeterli 
ölçüde göstermiştir ve bu yapıların akış alanındaki dağılım haritası çıkarılmıştır. 
Deneysel veriler araç arkasındaki tek bir düzlemde zaman-ortalaması alınmış değerler 
içerdiğinden sayısal verilerde aynı koşullarda karşılaştırılmıştır. Yanısıra deneylerde 
saptanan akış yapılarının zamana bağlı değişimlerini gözlemlemek olanaklı olmuştur. 
Buna gore çalkantı yapılarının ortalama akıştan aldıkları kinetik enerjiyi tekrar ortalama 
akışa kazandırdıkları, yani enerji taşıyıcı görev gördükleri söylenebilir. İki farklı sınır 
şartının akış üzerine çok büyük etkisinin olmadığı gözlenmiştir. Ancak, sabit yer 
düzlemi sınır şartı araçın önü ile tünel girişi arasında doğal bir türbülans oluşturduğu 
için daha fazla modu tetiklemektedir ve kararlı bir sonuca yakınsaması için daha uzun 
zamana ihtiyac duymaktadır.  
 
Yapılan spektral analiz sonucunda çalkantı yapılarının merkezlerinde enerjinin yüksek 
modlara doğru kaydığı ve sabit yer sınır şartı için daha fazla modun uyarıldığı 
görülmüştür. Ancak en yüksek frekanslar beklenildiği gibi dikiz aynalarının olduğu 
bölgelerde gözlemlenmiştir.  
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EXPERIMENTAL AND NUMERICAL INVESTIGATION OF THE FLOW 
STRUCTURES BEHIND A CAR 
 
 
SUMMARY 
 
 
The turbulent wake structure behind a car body has been investigated numerically and 
compared to the experimental data. The virtual model of the car is constructed and 
computational mesh around the body has been generated. Two different configurations 
including the stationary and moving ground boundary conditions have been imposed on 
the flow field. The freestream velocity was taken to be 38 m/s as in the experiment.  
 
Numerical simulation has shown two counter-rotating vortices inside the wake region. 
Since experimental data does not provide enough information about the unsteady flow 
field (as it has been performed on single plane and the data are time averaged), 
numerical analysis presents more insight. The counter vortices are regarded as a 
manifold draining the energy in streamwise direction. They transfer the energy that they 
receive from the mean flow back to the mean flow through the shear layers formed by 
separation. It is very important that the boundary conditions on the ground have not 
large effect on the wake structure. However, stationary ground produces natural 
turbulent between the inlet and in front panel of the car. This in turn triggers more 
modes of the flow and the no-slip wall case needs more time to approach to a steady 
solution.  
 
Spectral analysis has shown that at the vortex cores the energy is shifting to the high 
frequency modes. Highest modes are obtained around sidemirrors, as expected.  
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CHAPTER I  
 
INTRODUCTION 
  
Automobile aerodynamics is simply the study of the airflow around a vehicle in 
motion, which includes the investigation of the complex flow structures and their 
influence on the parameters relevant to the drivability [10]. Road vehicles can be 
regarded as bluff bodies in close ground proximity which further complicates the flow 
structures [1]. Among them wake structures are particularly important because 
unsteady forces affecting the driving stability of the car is strongly dependent on this 
region [2]. Flow features, such as pressure variations imposed by high rate of vortex 
shedding to the wake region, are fed back to the upstream boundary layer, resulting in 
oscillation of the separation point [13]. This complicates the map of the pressure 
distribution over the car surface and in turn the forces acting in three dimensions 
become difficult to obtain with accuracy.  
Traditional picture behind a car contains two counterrotating vortices formed in the 
core region of the wake [2,13]. These are the major structures playing an important 
role in creating the aerodynamic forces affecting the driving stability. They are 
surrounded by free shear layers in which various forms of instability exist. The 
separation characteristics of the upstream boundary layer basically determine these 
unstable recirculations, therefore, are very important in terms of the vortex dynamics 
[18, 23]. They become more importance when the effects in the streamwise and other 
directions are considered. Therefore the details of the vortices especially in the wake 
region are vital to determine steady and unsteady forces acting on the car.  
Automobile producers heavily rely on wind tunnel tests to test their products in 
terms of aerodynamic efficiency and, thus, aerodynamics overall protected its 
empirical existence for years [18]. In wind tunnels, contrary to automobile moving 
through the still air, there is boundary layer on the ground and at the walls of the 
tunnel [5]. This is removed by using the boundary layer suction or moving belt on the 
ground and sometimes both. Blockage ratio of the tunnel, defined as the ratio of the 
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car’s frontal area to the tunnel cross section, is a detail to be thought about [18]. As the 
blockage ratio increases, the drag increases, so the compromise must be done on some 
numbers [4]. However, the conditions in which the fluid acts to the car did not show 
similar fashion. Experiments are usually performed with low turbulence intensity flow 
which is not a true situation in nature. Also experiments at different yaw angles must 
be conducted because the uniform approach velocity does almost never come up 
naturally [23].  
Because experimental aerodynamics encounters a lot of difficulty, numerical 
studies are the basic tools today. Since flow around a car is fully turbulent, turbulence 
modeling and simulation are very important to obtain the map of the flow around the 
geometry. The numerical prediction of turbulent flows is now possible with Reynolds 
Averaged Navier Stokes equations (RANS), Large Eddy Simulation (LES) and Direct 
Numerical Simulation (DNS). DNS requires much resource and time in proportion 
with the Reynolds Number. Therefore, its usage is strictly limited to the simple 
geometries and considerably low Reynolds Numbers. RANS, however, is not very 
informative because it gives time averaged flow properties [6]. Unsteady 
characteristics of the flow field cannot be obtained. Therefore LES is the most useful 
research tool today for CFD analysis and it is used widely.  
Regarding the wake flows, there are many investigations in the literature. Kapadia 
and Roy (2003) have performed the Detached Eddy Simulation, which is an extension 
of LES method, to the Ahmed Body [17]. They have put emphasis on the drag 
coefficient of the body and they have defined two counter rotating vortices with 
velocity vectors. The effect of the vortices to the pressure distribution is emphasized. 
The results are in very good agreement with experimental findings of the Ahmed et al 
[3]. However their main focus is on the drag coefficient calculation of the body. 
Numerical simulation of the flow around a cube is also among the works performed 
using unstructured grid [6]. It is found that the unstructured grids can produce as good 
results as structured grid. Using low Reynolds number of 22000, they put forward a 
viscosity distribution throughout the wake region. Large Eddy Simulation on Ahmed 
Body shows very good agreement with the experiment with structured type coarse grid 
[13]. Mean velocity field and the two counter-rotating vortices have been well defined. 
Sohankar [28] has performed the simulation of the flow around a bluff body from 
moderate, 1000, to high Reynolds Numbers, 5x106. Even if he used structured type 
grid, he found very good results compared to the experiment and a part of the strive 
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goes to the stress and the energy distribution throughout the wake field. Most recently 
Krajnovic has started a project for vehicle aerodynamics. For this project, the LES 
around a surface mounted cube and a simplified bus have been performed [19]. 
Results confirmed that the fine grid for structured case does not produce better results 
in a direct way. But refinement produced better results when it is done in all three 
dimensions, resulting in the cost for the solution to grow considerably.  
It can be concluded that the numerical studies are mostly performed with 
structured grids around relatively simple geometries like cube and use low Reynolds 
number. In contrast, for a complex car body, constructing structured grid is a real 
challenge and it is known that the aerodynamic properties gain importance at high 
Reynolds numbers. More importantly, in order to define the forces acting on the car, 
the wake region of a realistic body must be studied at high Reynolds numbers and 
especially kinetic energy distribution and transport across the unsteady wake must be 
analyzed.  
Considering the difficulties regarding the experimental studies and the need for the 
investigation of the unsteady flow structures in the wake region of a realistic car body 
in more detail, it was decided to apply LES method to a model car (see Chapter II for 
the car’s details) with emphasis on the wake region. Driving force was the availability 
of the experimental data on the same model [18] and the requirement to look at the 
unsteady aspects of the turbulent wake region as mentioned above.  
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CHAPTER II 
 
CAD OBJECT AND GRID GENERATION 
2.1 CAD Object 
Numerical computation requires the 3D geometrical representation of the object. The 
replicated model used in the experimental investigation [18, 23] (see Figure 2.1) was 
scanned with a brain tomography tool (BT). The dimensions of the replicated model 
and the full scale car are shown in Table 2.1. The BT device constructs the images 
from a series of x-ray scans. The model was scanned at 2 mm steps in all three 
dimensions after which the point cloud was extracted. In order to avoid scanning 
errors disturbing the symmetry, half of the car’s point cloud was extracted and readily 
mirror imaged.  
 
 
Figure 2.1 : 1:8 replicated model 
 
  Table 2.1 : Dimensions of the fullscale car and replicated model 
Principal Dimensions (cm) Full Size vehicle Replicated 1:8 scale model 
Length 418.7 51.8 
Width (Excluding mirrors) 174.1 21.8 
Height 140.8 17.6 
 
The CAD object was then imported to the program, RapidForm, as a point cloud, 
which is seen in Figure 2.2.  
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   Figure 2.2 : Imported point cloud 
 
The point cloud had some noise points, named vertices, which needed to be deleted 
from the Edit/Delete/Vertex command. This is done with “Scan tab” selected (see 
Figure 2.3). The remaining points were filtered from the Build/Filter  
 
 
     Figure 2.3 : Cleaning the noises 
 
Noise and Build/Filter Redundancy menus and were triangulated to confirm a general 
3D solid object to the cloud. This object later was used to create the 3D curves 
representing the geometry of the car. This is done with the Build / Triangulate / 
Surface / 3D option. The resulting geometry is shown in Figure 2.4.  
 
Vertices selected 
with the mouse
Scan Tab 
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Figure 2.4 : Initial import of the geometry (called polygon) 
 
The geometry was then ready to be sliced with 3D curves which are necessary for 
surface construction. With the “Curve tab” selected, the geometry could be sliced with 
the Curve/Create/Slice command (Figure 2.5).  
 
 
Figure 2.5 : Slicing the car with 3D curves 
 
The sliced geometry had very coarse curves in that the detailed curves are required 
in the regions with high curvature, especially in the regions near the sidemirrors. 
These regions are treated in sufficient detail to generate the curves that are appropriate 
for the surface generation. The curves are then trimmed with 
“Curve/Trim/CurvetoCurve” command for appropriate definition of the surfaces on 
the polygon. Trimmed curves, shown in Figure 2.6, all have specific direction with 
starting and end points. However, the resulting curves were not all necessary for the 
surface generation and, therefore, redundant curves were deleted at this stage.  
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Figure 2.6 : Image after globally trimming the curves 
 
Using these curves, surface generation can be done in RapidForm as follows. The 
program generates very well defined surface on the polygon. This can be done by 
selecting the Surface tab and giving the command Surface/Create/Polygon Fit/By 
Curves, in which the curves are selected in counterclockwise order. At this point, user 
can change some of the parameters. For sample, deselecting the “resample polygon” 
option makes the surface generation easier but error will be higher. With this option 
selected, RapidForm generates the surface as shown in Figure 2.7.  
 
 
Figure 2.7 : Final surface 
 
The resulting geometry has many surface irregularities, which were shown in the 
Figure 2.8 with the rendering option (press key R). Especially the surfaces behind the 
car and the region just around the sidemirrors had very bad quality. 
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Figure 2.8 : Initial rendered surfaces 
 
Therefore it is strongly recommended the smoothing of the geometry after the surfaces 
created. The quality of the grid does strongly depend on the quality of the imported 
surfaces. So after creating all surfaces, they have been converted to shell on which one 
can perform the smoothing operation easily by the “Surface/Tool/Convert to Shell” 
command under the Surface tab. This shell is smoothed twice by the 
“Tool/Smooth/Shell” command under the Polygon tab. After smoothing, the shell 
takes the form shown in Figure 2.9. Almost all the unexpected oscillations and holes 
on the shell have been smoothed by this 
 
Figure 2.9 : Final triangulation 
 
operation. First surfaces created then can be deleted because, using the smoothed 
polygon, one can automatically generate homogeneous surfaces around the body. 
These surfaces are easier to handle in grid generation step (see section 2.2). The next 
and the last step is to create uniform area surfaces. This is done by the 
“Surface/Create/Auto Surfacing” command under the Surface tab. The command will 
show an interface to accept the appropriate parameters for the surface creation. The 
only parameter to set here is the number of the surfaces to be created around the shell 
which, in this study, chosen to be 1400. Final surfaces are shown in Figure 2.16 with 
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the dimensions in Table 2.2. Comparing the table 2.2 and 2.1, it is easy to see that the 
dimensions of the CAD design are really close to the replicated model. 
 
 
Figure 2.10 : Final surfaces 
 
Now the geometry is ready to be scaled into a virtual tunnel which is to be 
meshed.  
Table 2.2 : Dimensions of the CAD model (cm) 
Length 52.16 
Width (Including mirrors) 24.58 
Height 17.50 
 
2.2 Configuration and Mesh Generation with ICEM 
It is first necessary to construct the computational domain in which the numerical 
experiments will be performed. Geometrical dimensions of the virtual tunnel in which 
the model has been placed will be explained next, after which the generation of the 
mesh will be given.  
The model was positioned such that the inlet section was four length of the model 
upstream and the outlet section is was 7 car lengths downstream [19]. This resulted in 
fully developed flow in front of the model and the outlet was far from the wake region. 
Upper and side walls were located so that, with the given frontal area 275.56 cm2, the 
blockage ratio was %6.0. The geometry is shown in Figure 2.11. The dimensions of 
the tunnel are given in Table 2.3. The origin of the coordinate system (0,0,0) has been 
selected as the ground level midsection in front of the car. x direction is assigned as 
the streamwise direction, while y and z directions are transversal (vertical) and lateral 
directions, respectively. 
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Figure 2.11 : Computational Domain 
 
   Table 2.3 : Dimensions of the tunnel (cm) 
 From To 
x direction -150 450 
y direction 0 70 
z direction -35 35 
 
The computational grid of the domain between the car body and the tunnel has 
been decided after a series of tests. Pure unstructured grid is generated first, but the 
results were not good enough in that the counter rotating vortices residing in the inner 
wake region did not exhibit symmetry as observed in experiments. Modifying the inlet 
conditions with mixed type grid (structured + unstructured, structured only in the inlet 
section) did not solve this problem. Therefore domain is constructed structured except 
for the thin region around the car which is filled with the unstructured elements (see 
Figure 2.15). This improved the asymmetry problem in overall sense although 
asymmetry stemmed from some other reasons (see Chapter 4). However, the grid still 
needed further refinement, because the prismatic elements, in the boundary layer of 
the car, were in a close range to the pyramid elements, which are generated in the 
interface between the structured and the unstructured region. This resulted in slow 
convergence, or worse, the divergence of the continuity equation; the mass balance 
between the inlet and the outlet sections is not satisfied due to the discretization errors 
in these elements. Therefore considerable effort was put on the quality adjustment of 
the elements. The generation procedure of the hybrid type grid will be explained next. 
The grid in this study was generated by the ICEM CFD software package. The 
program has different modules to generate different types of grids. The hexa, tetra, and 
the prism modules are the ones used in this study. ICEM imports the surfaces, lines, 
and points as different families. In this study, the sections for the inlet, outlet, 
Wall 
Outlet Symmetry 
Inlet 
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symmetry, wall and the car surface are all assigned to corresponding family names. 
After partitioning the family names, the geometry is checked with the Repair menu 
command under the Geometry tab. The “create topology” button measures the 
distances between the surfaces so that the gaps between the surfaces are within the 
tolerance limit of 0.01 mm. Checking the geometry produces the image shown in 
Figure 2.12: 
 
Figure 2.12 : Distance between the surfaces (Redlines below 0.01) 
 
The red lines show that the spacing is acceptable for the corresponding surfaces and 
blue ones show that there are more than two surfaces. The troubled lines are shown 
with yellow color which does not exist here. If there were such lines, the 
corresponding surfaces can be matched in ICEM but the adjustment can be done more 
efficiently in RapidForm.  
2.2.1 Tetra Mesher: 
The tetra mesher of ICEM uses the octree type meshing [30]. After partitioning the 
surfaces, lines and the points into different families, they are assigned a grid size. Here 
it is important to note that the lines and the points are assigned the values of zero. It is 
also very important that the intersection of two surfaces is represented by lines and 
intersection of three surfaces (corners of the tunnel) is represented by points. In this 
respect, the intersections of the wheels with the ground were handled with care. 
Otherwise ICEM cannot represent the sharp corners of the geometry and produces 
rounded mesh. The thin region between the wheel and the ground, called “thin cut” is 
hard to be filled with high quality elements. Attempts to reduce the grid size increase 
the number of elements incredibly, and this leads to storage problem. After generation 
of the grid with the tetra mesher, it is important to smooth out the mesh to increase the 
quality. This is done before adding the prismatic elements in the boundary layer on the 
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car surface. The “Smooth” button the “edit mesh” menu shows the quality of the 
mesh, where the smoothing operation can be performed. ICEM does the smoothing 
automatically, although in some places, there is a little need for the user to intervene 
the mesh by adjusting the elements by himself. Especially in the region in between the 
wheels intersection and the ground and the pyramids interface, it is important to 
observe the quality because the worst elements form there. The quality of tetra 
elements determines the quality of prismatic elements to be generated. 
2.2.2 Prism Mesher: 
As mentioned above, after the generation of the unstructured mesh, extruding the 
surface elements of the car body, the prismatic elements are generated as layers. This 
is done by the Prism mesher module of ICEM CFD. When invoked, the mesher opens 
up the interface shown in Figure 2.13: 
 
Figure 2.13 : Options for Prism Mesher 
 
By pressing the Families button in Figure 2.13, one may decide the families to which 
the prisms will be added, number of layers and the height of the layers. The 
corresponding number in this study is shown with this interface in Figure 2.14.  
 
Figure 2.14 : Options for Prism Mesher 
 
6 layers of prisms added to the car’s surface to better model the boundary layer. After 
generation of the prism elements, it is important to smooth the tetra mesh again by 
considering the prismatic and quadratic elements.  
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2.2.3 Hexa Mesher:  
The structured mesh around the car is generated by the Hexa mesher. This module 
needs an appropriate block file to be created. Hexa initializes the mesh with a general 
block covering the whole domain. This block must be projected on the appropriate 
lines on the geometry. After generating the block file, the mesh parameters for the 
division of the lines are entered. It is important to note that the prism mesh cannot be 
generated without unstructured mesh. After creating the prismatic mesh, hexa and 
prismatic elements are merged and the grid is smoothed for one last time. Obtaining 
the expected quality level, the mesh is now ready to be imported into a solver. The 
resulting mesh is shown in Figure 2.15.  
 
Figure 2.15 : Final Mesh 
 
 
 
 
 
 
 
 
 
 
 
 
 
INLET OUTLET
SYMMETRY
WALL
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CHAPTER III 
 
LES THEORY and APPLICATION in FLUENT 
3.1 Theory of Large Eddy Simulation 
Turbulent flows are characterized by wide range of time and space scales. In a typical 
turbulent wake flow, the largest scales are basically of the same size as the geometry 
creating the turbulence. Small scales are, however, not related to the geometry. They 
are believed to show a more universal behavior and also responsible for the dissipation 
of the energy that they receive from the large scales.  
Dynamics of the different flow scales is governed with the Navier-Stokes equations. 
Direct Numerical Simulation (DNS) computes the whole spectrum of scales. The 
equations are directly solved and no need for any kind of modeling in DNS. However, 
DNS is not feasible with the computing power available today because its 
requirements scale with the Reynolds Number. While this holds reasonable for low 
Reynolds Number flow regimes, for high Reynolds numbers, it costs too much time 
and storage [9].  
 Since the solution of whole spectrum of scales cannot be performed because of 
the feasibility restrictions, it is a good idea to solve not all the spectrum directly but a 
part of it and to model the rest. LES method then is an appropriate choice for this job 
which filters the flow field so that larger scales remains to be solved. The computation 
of large scales by this way reduces the requirement of computer resources and time to 
be consumed. It is also trivial to solve the small scales by computational resources 
because in general they do not convect energy; instead they dissipate it through 
viscosity action as heat. Large scales, however, are truly responsible for the transport 
of the scalars such as momentum, mass, and energy. 
3.2 Filtering  
The first conceptual step of LES method contains the process to separate the large 
scales to be solved by applying the filter to the equations of motion. Process is 
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performed with an appropriate filter function and characteristic filter width. The 
general definition of filtering process is defined as, 
                ( ) ( ) ( , )
D
x x G x x dxφ φ ′ ′ ′= ∫        (3.1) 
It is a convolution process in which the scalar is convolved with a filter function called 
kernel. Filtered scalar variable, for example velocity in x direction, u, in this regard, 
can be decomposed as, 
                              u u u′= +          (3.2) 
 Although, filtering seems to be the same as the Reynolds decomposition; 
however, there are two very important distinctions between the two. First is that the 
second filtering the scalar variable does not give the same result as the first filter,  
    u u≠      (3.3) 
where the overbar denotes the filtered variable, and double overbar shows the variable 
that is filtered twice. Second important distinction is that the filtered fluctuation 
variable is not zero, which is the case in Reynolds decomposition,  
                           0u′ ≠      (3.4) 
The filters that satisfy (3.3) and (3.4) conditions are called smooth filters. 
Importance is that they cause no information loss [27]. The filters that do not satisfy 
these conditions are called projective filters and they cause information loss that the 
filtered variable cannot be inverted to obtain the original one. As seen from the 
filtering formula (3.1), for a cell, the filtered value of the velocity is determined by 
finding the integral over the whole domain. With the box filter, even though the 
average looks like over the whole domain, the far cells from the corresponding cell are 
taken to be zero. Therefore only the neighbor points are considered. Considering 2D 
case, filtering in the grid nodes is performed by taking the G filter function value of 1 
in the domain formed by the grid cells neighboring the center node (see Figure 3.1), 
and zero elsewhere [16]. 3D case is then straightforward. As seen from the figure, the 
box filter in three dimensions with structured grid turns into a cube with the length of 
one side as filter width [25].   
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                                         a) Structured grid b) Unstructured grid 
Figure 3.1 : Filtering domain in LES 
 
 There are a few kinds of filters used. Fourier cutoff filter, Gaussian filter and 
Box filters are some of the most widespread kinds.  Gaussian and the Box filter are 
smooth type filters. Exception to them is the sharp cutoff filter which filters the 
domain in spectral space [7]. The choice of filter is of great importance to accurately 
model the flow field and it is subject of much research. Indeed, structure of the subgrid 
scales strongly depends on the model consistency between the subgrid scale model 
and the filter chosen. Mostly used eddy-viscosity model for the subgrid scales, for 
example, is not in accordance with the Gaussian type filter because the model does not 
account for the wide range of structures contributing to the Reynolds stresses. Another 
model known as mixed model is the most suitable for Gaussian type filtering. In the 
same way eddy-viscosity model is appropriate with the cutoff filter. In Fluent, filtering 
is performed by the discretization implicitly; 
     
1( ) ( )
V
x x dx
V
φ φ ′ ′= ∫        (3.5) 
where V is the volume of the computational cell. The filter function ( , )G x x′  is given 
by, 
( , ) 1/ ,G x x V x V′ ′= ∈ , or 
     ( , ) 0,G x x x V′ ′= ∉                  (3.6)  
which is a smooth type filter. 
3.3 Equations of Motion 
The governing equations for LES are obtained by applying the filter mentioned in 
previous section to the time-dependent Navier Stokes equations spatially. The 
governing equations solved in Fluent obtained by this filtering are;  
      Continuity equation: 0i
i
u
x
∂ =∂                              (3.7)      
     Momentum Equation: 
21( )
Re
iji i
i j
j i j j j
u upu u
t x x x x x
τ∂∂ ∂∂ ∂+ = − − +∂ ∂ ∂ ∂ ∂ ∂               (3.8) 
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As can be seen from the equation (3.8), there is one extra term on the right hand 
side which comes from the filtering the convective part of the equation. It is called 
subgrid scale stress tensor and will be explained in the next section. 
3.4 Subgrid Scale Models 
When Navier-Stokes equation is filtered, the convective term on the left hand side of 
the Navier Stokes equation produces nonlinear quantity i ju u . Adding and subtracting 
of the i ju u  to this term, one can write the convective term as in (3.10). Remaining 
terms on the right hand side of the equation form the subgrid scale stress term which 
governs the physics of the small scales. It is the only unknown term and requires 
modeling for the closure of the equation system. Considering the filter as a 
decomposition of a scalar variable, one can filter the convective term as follows, 
 ( )( )i j i i j ju u u u u u′ ′= + +     (3.9) 
                  i j i j j i i ju u u u u u u u′ ′ ′ ′= + + +  
( )i ju ux
∂
∂            (3.10) 
   ij i j i ju u u uτ = −                                          (3.11) 
One can then write the Leonard Decomposition which gives more detail about the 
subgrid scale stress tensor as, 
ij ij ij ijL C Rτ = + +                                            (3.12) 
where, 
ij i j i jL u u u u= −  
  ij i j j iC u u u u′ ′= +                   (3.13) 
                                               ij i jR u u′ ′=  
where Lij is called Leonard stress and it models the behavior of the large scales. Cij is 
called cross stress and it is the representation of the interaction between the large and 
small scales. Similar to Reynolds decomposition, Rij is called Reynolds stress tensor 
[27]. 
To model τij, Fluent provides three kinds of subgrid scale models of which the one 
used in this study will be explained in this section. This model is called Smagorinsky-
Lilly model which uses the Boussinesq hypothesis to compute the anisotropic part of 
the subgrid scale stresses as:  
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 1 2
3ij kk ij t ij
Sτ τ δ µ− = −                             (3.14) 
Subgrid scale modeling actually is also regarded as the modeling of the eddy 
viscosity; µt. Smagorinsky model assumes the eddy viscosity as follows;  
2
t sL Sµ ρ=                          (3.15) 
Here Ls is the mixing length for the subgrid scales ρ is density and the S is the 
strain rate, which is calculated by,  
 2 ij ijS S S=                                        (3.16) 
  Ls, on the other hand, is calculated by: 
 13min( , )s sL d C Vκ=                                        (3.17) 
where κ is von Karman constant, d is the distance from the nearest wall, Cs is 
dimensionless Smagorinsky constant which has the value of 0.23 and V is the volume 
of the computational cell [9]. 
3.4.1 Dynamic Modeling 
Lilly’s extension to the subgrid scale model is that the Smagorinsky constant, which is 
an important parameter in calculating the length scales, is calculated by dynamic 
modeling locally in space and time as the solution progress. The need for this is that, 
using the same value for the Smagorinsky constant in space and time, solution does 
not account for the backward energy transfer from small scales to the large scales. 
Without dynamic modeling then, the subgrid scale models are excessively dissipative 
that means they remove energy from large scales. Recent works, especially on 
transitional flows, however, revealed that the energy cascade can also go from the 
small scales to the large scales and not accounting for this phenomenon will cause the 
inaccurate prediction of the perturbations in the flow.  
To calculate the Smagorinsky constant dynamically, the scalar field is filtered 
twice. First one is the grid filter used for the normal LES computation, and the other is 
the test filter. Then using the information of the large subgrid scales, we can model the 
behavior of small and purely unknown subgrid scales. The characteristic length of the 
test filter is selected to be larger than the grid filter. Two filtering levels generate two 
levels of subgrid scales, e.g., stress tensors which are to be modeled instead of one 
tensor for the constant Smagorinsky number. The anisotropic parts of the tensors are 
then modeled as to obtain the appropriate coefficient [12,20].  
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 Dynamic modeling relates the resolved turbulent stresses and the subgrid scale 
stresses at the grid and the test filter level as, 
    ijij ijL T τ= −                                      (3.18) 
where the over tilda is called test filter. The resolved turbulent stress tensor Tij and the 
test filtered subgrid scale stresses jijτ are defined as; 
k  
i jij i jT u u u u= −                                                     (3.19)                        
k  
i jij i jL u u u u= −                                                     (3.20) 
Stress in (3.20) is modeled in the same way as the grid filtered subgrid scale stress 
tensor, ijτ  (see equation 3.13). The model of the anisotropic part of the Lij stress is as 
follows, 
   1 2
3ij kk ij s ij
L L C Mδ− =              (3.21) 
where Mij is the difference between models of the two level stresses in relation (3.19) 
and the test filtered subgrid scale stress substituted in (3.18). Smagorinsky constant sC  
can then be calculated by minimizing the error of the difference between the two sides 
of the equation (3.21) by using least squares method [20].  
 Define Q to be the square of this error as, 
21( 2 )
3ij kk ij s ij
Q L L C Mδ= − −                                           (3.22) 
To minimize the error of Q, upon setting ∂Q/∂Cs = 0, Cs is evaluated as; 
21 ( / )
2 ij ij ij
C L M M=                                                   (3.23) 
At this point, it is worth noting that Fluent uses the same filter as the grid filter, which 
is top-hat profile, for test filtering. Smagorinsky constant can now be used in 
calculating the subgrid scale stresses in (3.13). Besides backward energy transfer from 
small scales to large scales, it also gives very accurate solution for the asymptotic 
behavior in near wall regions without recourse to any additional damping function. 
Therefore it is used in this study. 
3.5 Boundary Conditions 
To simulate a physical quantity, the boundary conditions of the system are very 
important. For LES, especially the inlet conditions, as will be explained later, are as 
important as filtering and modeling of the stress tensor.  
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 The effects of the inlet profiles on the flow scalar field are investigated for jet 
flows which show that background information is carried downstream for many flow 
regimes. Especially for simulations of the environment near the earth surface, the 
atmospheric boundary layer makes the flow conditions turbulent everywhere which 
require turbulent boundary as inflow condition. The oldest method is to use periodic 
boundary conditions but they are restricted to simple geometries. Recently the model 
of the Lund [22] is the most effective way of generating inflow velocities. They 
produced an auxiliary simulation which produces its own flow conditions by rescaling 
the velocity from a downstream location and reintroducing it at the inlet.  
 Another way of producing the inflow data is to extract the most amplified 
modes based on the solution of the Orr-Sommerfeld equation. However, because 
the spectrum of this kind distributes the energy homogeneously, the lack of energy in 
low wave number ranges damps turbulence, leading, insufficient turbulence is created 
at the inlet. 
 In this study a few of a grid type inlet flow has been tested. The results were 
not satisfactory in the sense that the perturbations at the inlet section reach far 
downstream and disturb the wake region seriously. Therefore uniform velocity of 38 
m/s, as in the experiment, has been imposed at the inlet section. However, 
hydrodynamic stability analysis has been conducted and it will be given as inlet to the 
car as an extension of this study.  
Outlet boundaries are not difficult to handle. In this study, outflow boundary 
condition which requires the derivative of all quantities to be zero in normal direction 
to the boundary has been used. But sometimes for unsteady flows, pressure waves at 
the outlet boundary are reflected to the interior of the domain and cause the solution 
not to converge. This is overcome by using the convective condition at the outlet [8].   
 The walls of the tunnel have been assigned the symmetry boundary condition 
which assumes zero normal velocity and also zero gradient of all quantities at the 
symmetry plane.  
On the tunnel ground, two different boundary conditions, including the moving 
and stationary walls, have been imposed. For moving ground case, the wall velocity 
was 38 m/s. The boundary layer developing then seems to generate natural turbulence 
before the car’s front end and downstream of the inlet section. 
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3.6 Numerical Schemes 
The default scheme for LES in Fluent is bounded central differencing scheme which is 
second order accurate and less diffusive [8, 9]. However the oscillations in the scalar 
variables made the solution convergence very slow. Therefore second order upwinding 
was used first to obtain a coarse solution, after which the time statistics is calculated 
with solution proceeding with central differencing. It is known that upwinding takes 
the cell center values to calculate the cell face fluxes. Therefore this diffusivity causes 
the solution not to reach a symmetric distribution [26]. This is one of the reasons that 
the counter-rotating vortices in the wake region are not symmetric in the absolute 
sense (see Chapter 4 for results).  
 Bounded Central Differencing scheme used in Fluent calculates the face fluxes 
as, 
0 1 ,0 ,1
1 1( ) ( )
2 2f r r
r rφ φ φ φ φ= + + ∇ ⋅ +∇ ⋅G G                                 (3.24) 
where the indices 0 and 1 correspond to the cells sharing the face f, and r is the vector 
directed to the face centroid from the cell centroid. Second order upwinding, on the 
other hand, calculates the face fluxes as,  
 f sφ φ φ= +∇ ⋅∆
G
                                                (3.25) 
where only the value of the variable and the gradient of it at the cell center are used. 
s∆G  is the vector directed from the cell centroid the face centroid.   
For temporal discretization, the second order accurate backward differencing 
scheme is used. This scheme calculates the time derivative as, 
1 13 4
2
n n n
t t
φ φ φ φ
∆
+ −∂ − +=∂                                          (3.26) 
3.7 Turbulent Parameters 
Based on the square root of the car’s frontal area, the Reynolds number 420000 which 
is very high for a bluff body application. This high value makes the inertial subrange 
of the energy cascade very long as will be seen in Chapter 4. With dimensional 
analysis based on Reynolds number reveals that the large scales have the time scale of 
4.10-3 seconds. The corresponding Kolmogorov scale has the time length of 2.10-5. So 
the time step size in fluent is taken to be 3.10-4 to capture the scales as low as in 
inertial subrange. For the time length of 0.14 seconds, the solution captured about 270 
structures which is not a good enough number to make a robust statistics. This is 
another reason that the vortices in the wake region are asymmetric (see Chapter 4). 
 22
The statistically steady data will be obtained when the number of large structures 
included reaches 1000 or more.   
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CHAPTER IV 
 
RESULTS & DISCUSSION 
4.1 Introduction 
Numerical experiments were performed on three different planes as shown in Figure 
4.1. They are chosen to be the most important ones to display the characteristics of the 
wake region. There is also another (x-z) plane on the sidemirror level which shows the 
effect of the sidemirror on the wake region. Throughout this chapter, x refers to the 
streamwise direction, and similarly y refers to transversal and z lateral direction, 
respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1 : Dataplanes 
 
4.2 Time-Averaged Mean Flow Field 
As shown in Figure 4.2, mean velocity field in x direction reveals two counter-rotating 
vortices. This is the traditional picture behind a car body which plays an important role 
in the aerodynamic forces acting on the car. The vortices seem to create a region of 
attraction for the surrounding fluid as can also be seen from the experimental vector 
x streamwise 
z lateral 
 
 
y transversal 
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representation [18]. As will be discussed later, the rms values are relatively high 
around the core regions, which puts in evidence that these unstable structures have 
actually axes wandering around which is seen in time dependant flow simulations 
clearly. Around the cores, the energy exchange between the turbulence and the mean 
flow occurs which implies that the cores actually act like a manifold draining the 
energy that they receive from the mean flow in the streamwise direction.  
 
 
                                                                                                                           
 
         
 Mean Velocity Vectors (Experiment)  
 
   Mean Velocity Vectors for moving ground (CFD)  
Figure 4.2 : Mean Velocity Magnitude (x direction), U∞= 38 m/s 
 
Moving Ground, U U∞         Experiment, 
U
U∞
    Stationary Ground, U U∞  
 
 
 
 25
It should be pointed out that the numerical simulation produces highly asymmetric 
structures, especially in stationary ground case. The main cause to this drawback is 
that the unstructured grid combined with the second order upwinding scheme produces 
an asymmetric solution which is hard to avoid. Another important fact affecting the 
asymmetry is the length of the time averaging process. The no-slip wall boundary 
condition also triggers ever more modes of the flow. Calculation of the complete 
number of scales then requires the time length of solution to be longer for stationary 
ground case than the moving ground case. One last point to pay attention is the 
contour lines near the ground. They are tailed outwards in experiment and in 
stationary ground but inwards for moving ground case.  
 As seen from in-plane velocity contours (Figure 4.3 and Figure 4.4), numerical 
simulation can well predict the flow structures. y velocity contours show pure 
similarity to the experiment except for those away from the core near the ground 
which is attributed to ground plate used in experiment. There is little discrepancy for 
the centerline downwash, which is slightly above the core region in the experiment 
and in between the vortices for the numerical simulation. There is no difference for 
moving or nonmoving ground cases.                                          
 
                                                                                                                             
 
 
Figure 4.3 : Mean Transversal Velocity (x direction), U∞= 38 m/s 
                                                                                   
                                                                    
 
        Figure 4.4 : Mean Lateral Velocity (x direction), U∞= 38 m/s 
 
Experiment V U∞  Moving Ground, V U∞     Stationary Ground 
V
U∞
 
 
Moving Ground, W U∞  Experiment 
W
U∞
 Stationary Ground W U∞  
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For z-velocity, around the core region, sharp gradients have been observed in 
simulations; nevertheless experimental case produces very weak z-velocities around 
the same region (see Figure 4.4). This situation is thought to be associated with the 
ground plate.  
 From now on, since the velocity field is the same for both moving and 
stationary cases, only one the moving ground case will be discussed. The extension to 
the other case will be argued whenever necessary. The mean velocity field, looking 
from above, seems to extend to a region about half the car length (Figure 4.5).   
  
Figure 4.5 : Mean Velocity Magnitude, U
U∞
, U∞= 38 m/s 
Slight asymmetry, however, prevails again. Shear layers keep their sharpness 
downstream, but the turbulent region narrows immediately. The mean flow gains back 
the energy extracted from it by turbulence; the exchange occurs around the core 
regions immediately after the car. But to be conclusive about the energy exchange, it 
requires larger time range of simulation. As seen from the contours, velocity does not 
reduce below zero which is to say that there is no reverse flow.  
x-velocity is dominant over most of the region except just behind the car in which 
other velocities, especially y velocities are significant. Video images reveal the 
oscillations of the shear layers over a large region behind the car.  
  
Figure 4.6 : Mean Velocity Magnitude U
U∞
, U∞= 38 m/s 
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 The downwash region is clearly seen in the center plane (Figure 4.6). Small 
scales separated from the bottom corner of the car are shedding downstream. y-
velocities have no difference for the center plane for the two cases, though, z- 
velocities, as shown in Figure 4.7, have relatively large differences.  
 
      
                        Moving Ground           Stationary Ground 
Figure 4.7 : Mean Lateral Velocity W
U∞
, U∞= 38 m/s 
 
For stationary ground, no slip wall condition keeps the high z velocities adjacent to the 
ground and to the rear bottom corner. In moving ground case, however, peak values 
are obtained slightly away from the car and away from the ground. z velocity contours 
in Figure 4.7 imply that the convection and diffusion through the lateral center plane 
cause significant unsteadiness. As a result, it has been demonstrated in this study that 
the analysis with half car is not realistic to draw the rational conclusions, e.g., the 
attention must be paid on full body and full domain.   
 
Figure 4.8 : Pathlines (undercar) 
 
As shown from the pathlines in Figure 4.8, structures emerging from beneath 
the car expand little higher before they straight themselves away. The structures 
transported from the roof are, however, sucked down where they arrange themselves 
with the ground according to the imposed boundary condition. The particle tracing 
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shows pure similarity for the two cases of which only the moving ground one is shown 
here (Figure 4.9).  
 
 
Figure 4.9 : Pathlines (up car) 
 
 There is a small region adjacent to the rear surface in which two vortices form. 
This makes it straightforward that at the central transversal plane, there is pure 
downwash, but adjacent to the body stability is lost.  
 Looking from above (Figure 4.10), judgment for the structures separated from 
sides of the car can be useful to visualize the flow characteristics. It is clear that the 
wake region is wrapped and the counter-rotating vortices convect the energy 
immediately. It is also interesting to note that the pathlines for the stationary ground 
spreads away from the centerline which is not shown here. 
 
 
Figure 4.10 : Pathlines (sides) 
 
 Helical structure of the vortices is given in Figure 4.11 together with the 
experimental velocity vectors. The particle tracing image reveals particles acquires 
large vorticity, but they relax in straight streamlines as they move downstream. 
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Figure 4.11 : 3D Pathlines (CFD) and Velocity Vectors (Experiment) 
 
The pressure distribution shows that peak values are attained, as expected, in 
front cooling panel, upwind side of the sidemirrors and front faces of the wheels 
(Figure 4.12). It should be noted that the wheels of the car were stationary in this 
picture. For the stationary ground case, peak value is 970 Pa, compared to 1100 Pa for 
the moving ground. This is primarily attributed to the boundary layer in the incoming 
freestream.  
 
 
Figure 4.12 : Pressure coefficient, Cp =              (Moving Ground) 
 
 
 As seen from the mean velocity contours at the sidemirror level in Figure 4.13, 
the velocity field in this region does not seem to create much perturbation to the wake 
flow. However, since the primary focus was on the wake region, this study is not very 
helpful to attain deep insight about the effect of the mirrors on the wake. 3D 
streamlines in Figure 4.13 reveals that the freestream around the car wraps the body 
and this geometry creates strong downwash which can also be seen from Figure 4.6 
and Figure 4.9. The downwash at the center plane is the main reason for the vortices to 
rotate counter wise to each other (see also Figure 4.2 for velocity vectors).  
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Figure 4.13 : Mean Velocity Contours, U
U∞
 (around sidemirror) and 
3D Streamlines (around body) 
4.3 Turbulent Stresses 
RMS values which contribute to the turbulent energy by the velocity fluctuations is 
shown in Figures 14-16. Over the outermost shear layers all components contribute 
equally to the turbulent energy but inside the core different components are dominant 
at different regions.  
                                       
   
       
 
Figure 4.14 : RMS Velocity Magnitude 
 
The results are very close to the experimental case, except for the y-velocity RMS 
values. This is related to the insufficient time of averaging. The outermost shear layers 
a) x direction, 2 /u U∞  b) Experiment, 
2 /u U∞  
c) y direction, 2 /u U∞  d) z direction, 2 /u U∞  
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are important, considering the plane from above. In combination with the top view, 
midplane also shows that the most contribution to the energy budget comes from the 
separation at sides of the car and at the bottom corner (Figure 4.14d and 4.14c).  
 
                                           
 
       
 
Figure 4.15 : RMS Transversal Velocity 
 
Positive correlations are dominant all over the wake region and z-velocity RMS 
values extend downstream (Figure 4.16d). y fluctuations contributes equally all over 
the wake, although they are very weak at the central plane (Figure 4.15d). Over the 
cores streamwise energy is significant (Figure 4.14). This implies that the vortices are 
unstable with axes wandering around. z-velocity fluctuations are observed to initiate 
from the ground and extend upwards gradually (Figure 4.16a). Averaging time of 0.15 
second is, however, not enough, for contours in the simulation to resemble the 
experiment. The sharp corners of the geometry are also significant in Figure 4.16 and 
Figure 4.15. The dominancy of the z-velocities all over the wake region again reveals 
that the midplane of the car in lateral direction imposes significant perturbation to the 
other half.  
 
c) y direction, 2v U∞  
d) z direction, 2v U∞
 
a) x direction, 2v U∞
 b) Experiment, 
2v
U∞
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Figure 4.16 : RMS Lateral Velocity 
 
 Off-diagonal components of the Reynolds stress tensor which play an 
important role in the momentum transfer by turbulent fluctuations are shown in 
Figures 4.17-4.19 where the normalizations are made with freestream velocity, U∞= 
38 m/s. As seen from Figure 4.17a, positive correlations along the outermost shear 
layers are well captured (Figure 4.17). These positive correlations in the side regions 
reveals strong upward flow along the shear layers which turns opposite around vortex 
cores with negative sign. In transversal direction, Figure 4.17c, it is clear that the 
negative correlations in regions where the vortex centers are located extend 
downstream which shows the flow streaming in between the vortices is dominant 
features for turbulence production. Except for this region, positive correlations occur 
throughout the wake. At the midplane, however (see Figure 4.17d), two distinct lobes 
with opposite sign are observed at the corners of the car. This shows that at the 
midplane, stresses associated with vertical flow are only important in the top and 
bottom corner regions. It is also worth mentioning that the stress distribution is the 
same for the stationary case.   
 
c) y direction, 2w
U∞
 d) z direction, 2w
U∞
 
b) Experiment, 
2w
U∞
 a) x direction, 2w
U∞
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Figure 4.17 : uv correlations 
 
The stresses associated with the lateral velocities are again dominant over the 
shear layers but they are relatively small inside the core where the vortices are located 
(see Figure 4.18a). Strong momentum transport occurs through the shear layers. In the 
transversal direction (Figure 4.18c), peak values are concentrated in small lobes in 
corners of the car. This picture, considering the uv-correlations, shows that the shear 
layers act as a gate to introduce the mean flow into the vortices. But for the centerline 
there is obvious dominancy of the negative correlations in regions where there is any 
uv-correlation (Figure 4.18d and Figure 4.17d). This is attributed to the contribution to 
the energy by the lateral velocities in these regions (see Figure 4.7). The stationary 
case, on the other hand, does not show any correlation which is not shown here.    
 
a) x direction, 2/uv U ∞−  b) Experiment, 2 2/uv u v−  
c) y direction, 2/uv U ∞−  d) z direction, 2/uv U ∞−  
 34
                                              
 
         
 
Figure 4.18 : uw correlations 
 
 Correlation of the in-plane velocity components, which were not obtained in 
the experiment, is shown in Figure 4.19. It is clear that the counter rotating vortices 
are very active in the transportation of the momentum. This actually extends 
downstream and shows strong coincidence with negative uv correlations. The action of 
the in-plane velocity correlations is weak at the centerline in the z direction. There are 
weak positive correlations near the ground which is exactly the same for the stationary 
ground. The significance of the corners of the car seems to be more significant in the 
stationary case which is associated with the modes triggered by the no-slip condition 
on the wall.  
 
 
 
a) x direction, 
____
2/uw U∞−  b) Experiment, 2 2/uw u w−
c) y direction, 
____
2/uw U∞−  d) z direction, 
____
2/uw U∞−  
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Figure 4.19 : vw correlations 
4.4 Spectrum 
Frequency spectra at different points in the wake are shown in the Figure 4.20 and 
Figure 4.21. Away from the turbulent region to the points in the core of the vortices, it 
is apparent the frequency spectra are crowded with more discrete modes which implies 
that the flow structures of different size occur. Highest frequency value moves slightly 
to the right in the graphs and spreads, in the absolute sense, in the core. The situation 
is the same for the stationary ground case. However, more frequency modes of the 
flow are triggered, as can be seen from the graphs.  
 
 
 
x direction, 
____
2/vw U∞−  
y direction, 
____
2/vw U∞−  z direction, 
____
2/vw U∞−  
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Figure 4.20 : Spectra for Moving Ground Case 
 
 
 
Figure 4.21 : Spectra for Stationary Ground Case 
 
Energy of the eddies is very significant around the sidemirrors. This region, 
however, was not meshed with fine elements. Therefore detailed study on this area 
requires more elements which reduce the feasibility of the solution. Therefore main 
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emphasis has been directed to the wake region. The energetic eddies are more 
distributed near the side window of the car (Figure 4.22). The spectra at the upwind 
side of the mirror are alike, but a unique peak is captured for the very thin region 
between the sidemirror and the side window where the flow goes into a contraction 
and a sudden expansion. 
 
 
Figure 4.22 : Spectra around Sidemirror 
4.5 Conclusions 
In this study, the flow field around a model car has been investigated numerically and 
compared to the experimental data. Main emphasis has been put on the wake structure 
because the basic stability problems are derived from the turbulent flow structure in 
this region. The flow in this region is basically responsible for the pressure distribution 
over the car surface which is important to define the unsteady forces acting on the car. 
 Results have revealed two counter-rotating vortices which is in a good 
agreement with the experiment. It has been demonstrated that the vortices convect the 
energy which is extracted from the mean flow by the shear layers. Main convectors of 
the energy are defined to be the core regions of the vortices. However, the basic 
problem remained as the asymmetry of the vortices with respect to the longitudinal 
axis of the car. This problem seems to have roots in the numerical scheme used during 
run of the computation, unstructured mesh around the car, and the averaging time of 
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the solution which is not enough to contain the sufficient number of scales to make 
robust statistics. It has been also proved that the hybrid type grid could produce better 
results similar to the structured grid which is a real challenge to generate around a 
complex body. 
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